_ United States Patent (19

A A A 0 0 1 0

DT
Usooss3iiisa

5,531,115

[11] Patent Number:

- Beranek, Leo L., Acoustics, McGraw—Hill Book Co., Inc.,

1954, pp. 70-74. |

- Gelb, Arthur, Applied Optimal Estimation, The M.I.T. Press,
- Massachusetts Institute of Technology, 1974, pp. 67-70.

Erdley 451 Date of Patent: Jul. 2, 1996
[54] SELF-CALIBRATING THREE AXIS Primary Examiner—Thomas P. Noland
-~ ANGULAR RATE SENSOR |
- [76] ‘Inventor: Harold F. Erdley, 1210 El Medio Ave., [571 ABSTRACT
| Pacific Palisades, Calit. 50272-2423 A self-calibrating three axis angular rate sensor in whicha
o e single proof mass 18 supported from an outer case by a set
SRR '[2;1] Appl. NQ" 496’816 of spring elements having substantially equal mechanical
~[22] Filed: = Jun. 29,1995 translational spring rates in all directions. Each axis is
. . _ electromechanically coupled such that each of three sets of
[51] Inmt. _Cl. ....... i G0'1P 3/48,; GO1P 21/0(? clectrical terminals acts as a combined electrical driving and
. _[52]- US Cl 73/504.02; 73/1 D; 36%/ 571.04; electrical detection means with respect to motion of the
e . | ' 364/571.05; 364/564 proof mass. The proof mass motion in combination with a
~ [58] Field of Sear;:h s 73/504.02, 1 D, oeneral three axis angular rate input results in coriolis forces
| 13/1 E, 2; 364/564, 571.01-571.08 acting upon the proof mass. When the electrical terminals
.[ 56] N " References Cited are driven with a multiplicity of additive sinusoidal time
| | function electrical voltages, measurements of these voltages
..... U.5. PATENT DOCUMENTS and resulting electrical currents comprise observable data
5045745 9/1991 Umemoto et al. .o 731 DX  lora computed extraction of three.axis angular rate nputs.
5,056,366 10/1991 Fersht et al. .oovevrereeeremeiecerrenene 73/505  In addition, the computed extraction provides an accurate
5,065,627 11/1991 Stewart et al. ..ccovveeeeceeecceeennee 73/505 measure of variations of electrical parameters of the elec-
5,251,483 10/1993 So0derkvist ......ccvrrreccrersinencens. 73/505 tromechanical coupling, of variations of mechanical trans-
5,283,754  2/1994 Stieler et al. ...cceceinnieneennns TN EX lational spring rates and damping parameters, and of varia-
gg‘g‘;’ggg 3’3331 ?S:lf:ma Clal. s %ﬁ % ); tions of electromechanical coupling coefficients of the set of -
5355730 10/1994 KOIZUMi ..o, 73/504.02 X SPPIDG clements. The computed extraction results in outputs
5,359,893 11/1994 DUDD wooecovvvvveeesssvsnsmsrenesessseeen 73/505  Of three axis angular rate which are substantially indepen-
5,388,458 2/1995 Weinberg et al. .ooeeoeeervrneneenne, 73/505 dent of these electrical and mechanical parameter variations.
5,426,970 6/1995 Floridaet al. ...cvvcccreveerrcerenenenn. 73/1 D The measurements of electrical and mechanical parameter
'OTHER PUBLICATIONS - variations are compared with their respective nominal vaiues

in order to establish an overall data validity check.

10 Claims, 12 Drawing Sheets

10 / 12
. A'nalog
' .| Voltage Six Channel
Three-Axis Data Analog-to-Digital
Mechanical > Voltage -
Sensor Unit Conversion
- Subsystem
| Digitized —
Drive Timin
Voltages Vglé?ge Signa%
. Frequency
Multi-Frequency | References _
Sinusoidal Angular Rate
Voltage Source Microprocessor
Subsystem

24




'U.S. Patent

1

Il

Ll
s

| Mechanical
| Sensor Unit

_____ /) Drive
- | Voltages

ulti-Frequency
Sinusoidal |
- | Voltage Source |
| Subsystem |

24

Jul. 2,

10

Voltage

1996 ~ Sheet 1 of 12

Analog

Data

—>  Voltage =
Conversion |
- Subsystem |

T,iminP .
Signals

Digitized
~Voltage

Data \/ |

Frequency
References

PSP

FIGURE 1

5531115

Six Channel _
| Analog-to-Digital |

- Angular Rate |
Microprocessor |



Jul. 2, 1996 ‘Sheet 2 of 12 - 5,531,115

iy ”l"."r

B
: - 30G ' _ 6“ '
)] aF o

28F




: U S Patent Jul. 2, 1996 Sheet 3 of 12 5,531,115

FIGURE 3



US. Patent  Jul. 2, 199 Sheetdof12 5,531,115




._ e - ——

Sheet 5 of 12

_//////J_IJ

e %Wm@ﬁ”m _

 Jul. 2, 1996

_ _ - | uoneusu saxy
o uopeusuQ sexy - ox owdeibojeyshiy
- ~ owydesbojeiship A~ Y0ozZuwesg
R Ogweeg /7

US. Patent



553,115

Sheet 6 of 12

“Jul. 2, 1996

-U.S. Patent -

(‘A X0 - *pAfouz- =

SSE|N J001d JO 8njeA Aoy = W




Sheet 7 of 12

U.S. Patent Jul 2,199 15,531,115

S nthesized Constant Frequency Signals

_ _ Timing Discrete
rom the Angular Rate Microprocessor I% f

Signals from the
Angular Rate Microprocessor

b rivic 1 i — —

Multi-
Fregency

~ Voltage
Source 1

Sinusoidal | :

Multi-

- Freqgency |
Sinusoidal
- Voltage

Source 2 |

Muilti-

' Freqenc -
Sinuqscaidgl -

Voltage
Source 3

_ /24

12

.| Rsi § RS2 g RS3

- Scaling Resistors

Six Channel
Analog-to-Digital

Voltage Conversion

——

T

. | . . . |

1 ,30F

N 30J |

301 \u lj/
ST LR T T L] T
TR - g DQOB&MZOD/_D_E '

S TN 306 o

Converter
Outputs
to Angular Rate
Microprocessor

N

- PiezoBeam = Piezo Beam
- (nominal (nominal
X-axis) “Y-axis)

Piezo Beam
3-axis
(nominal
Z-axis)

FIGURE 7



5,531,115

Sheet 8 of 12

Jul. 2, 1996

U.S. Patent

XUJEN
90104
SI{01I0N)

JueISu0)
Buidwe(
IE2IUBYI3N

XU

- a)ey m:_.am
_ 1esiueyoIsN |
OXule

20104 J0JOB N\
SIXY 93iU |

ra— — g

— —
- AJI00j9A 10J08A SIXY a1yl

ENLIE

X
lawiojsuel |
011109]80Z98ld]

[e01UBYOSWO01)09|]
SIXY @aJy]

R+ =
ri————




U.S. Patent Jul. 2, 1996 ‘Sheet9of12 5,931,115

F2

~ FIGURESA



U.S. Patent Jul.2,1996 Sheet100f12 ' 5,531,115 .

Direct Axis Cross Axis

Ppring Rate %%1;_ lal_l%elt{ea;se -
arameters - -

N L
el o (K1 1\@_(12 K13)| [ X
- Ku=/[K12 §\Ig22\\K23 Y
e | —~\

@%;ggggﬁ? s

Cross Axis
Spring Rate
arameters

f— L . PP e —— W il ey — —

| X-Axis Component of Force = K11*X+K12*Y+K13*Z |
| Y-Axis Component of Force = K12*X+K22*Y+K23*2 |
| Z-Axis Component of Force = K13*X+K23*Y+K33*Z |

- Force Components ot Above Expression:

S m— L L _ B —

FIGURE 9



0L TUNOIS

5,531,115

Wa)sAsqng UOISISAUOD

|e)ib1g-o)-bojeuy ul A 19ZI1SaYUAS

Aouanbai
-HINA

S0UDI3JOY
- bulwuiy
10}e]|19SO
_ jeisAio

sJio)elauac) abe)jon
[EPIOSNUIS
Kouanbai4-niNN 0|

Sheet 11 of 12

aoeLIau|
wesAsqng
UOISIBAUON
abejjon
[ENDI(]
0}-bojeuy

uoijenjeAs yjjesH _
10sSuU8ag 10] SISAjeuy
uoneleA Jajaweled

bumi4 aainy
[eplosnuis
JO s|uueyy 9
ue
obelolg
el Aresodwa |
JO sjguueyd g

Jul. 2, 1996

_ . siojowleled |eo14109|3
Smﬁm pue |edisAlyd Josuas

soley Jejnbuy aaiyy

10} SS990.1d UONBWNST

~ ”OSSIOOMdOHOIN
- 3IVYEVINONY

.: U.S. Patent



US. Patent  Ju. 2, 1996 Sheet 12 of 12 . 5,531,115 o

Accumulate the Analog-to-Digital Converter
Outputs (6), and Increment Count

7 Count=
Observation
Period

Count
?

Y Yes
| Pass Output Data to Next Computation Block,
_ Clear Output Buffers, Reset Count to Zero

Separate Least S uaresAmgl_itude Fits of each of the 6 Ouput Buffers to a sum
of Nine Known requen%y inusoidal Functions, Resuliting in 108 Computed
l .

ne and Cosine Magnitudes

Linear Least Squares Fit of 27 Variables being Estimated,
including X, Y, and Z Axis Angular Rates, Sensor Mechanical
| Sprm% ate Parameters, Mechanical Damping Parameters,
Direction Cosines, Piezoelectric Coefficients, and Electrical Capacity
~and Resistance. This Fit is Carried Out making use of Linearized
tquations which relate Measured Sinusoids to these Variables.

O Output X, Y, and Z AXis Angular Rates

Compare Values of Estimated Sensor Variables with

Stored Nominal Values

Differences
Within
Specified
alues 7

Yes

Y No

:_ Generate "Bad Data" Discrete Output

FIGURE 11



5,531,115

1

SELF-CALIBRATING THREE AXIS
ANGULAR RATE SENSOR

 BACKGROUND—FIELD OF INVENTION

This invention relates to a vibratory, coriolis force type

~ angular rate sensor, specifically to a self-cahbratmg, three
axis 1mplementat10n thereof

BACKGROUND-—-—_-DESCRIPTION OF PRIOR
. | ART

5

10

-Vibrating mass coriolis force type angular rate sensors or

gyros have inherent advantages in terms of simplicity of

~design, low cost, and long life. The use of coriolis force in

vibratory gyroscopes 1s well known. For example,
Soderkvist, U.S. Pat. No. 5,251,483 relates to a piezoelec-

. trically driven tuning fork type corolis force type gyro. The

accuracy of this type of sensor, however, has been limited by

‘variations in its physical and electrical parameters with time,

temperature, and usage. These variations result in changes in

- the sensor scale factor, the sensor angular rate bias offset,
~and the musalignment angles of the axis about which the
angular rate is to be measured. Moreover, because these

sensors measure only a single axis of input angular rate,
three sensors are generally required for any systems that

“must measure angular rate along all three physical axes.

Means for angularly orienting the input angular rate sensing

o axes of three sensors with respect to one another with

sufficient ‘accuracy must also be provided.

~ Coriolis force type angular rate sensors typically require
one transducer or one set of transducers to perform the drive

- motion function and a separate sensor or set of sensors to

detect the coriolis force generated motion resulting from an

. input angular rate. Even the application of feedback control
- methods, as disclosed in Fersht, et al., U.S. Pat. No. 5,056,
366, to null the coriolis force induced motions of the driven
- element, do not eliminate scale factor errors due to varia-

tions in piezoelectric coupling. These methods also do not
eliminate angular rate bias errors due to variations in the

-combination of mechanical coupling and mechanical damp-

ing. In general, any mechanical coupling between driven
clements and detection elements other than desired coriolis
force coupling results in sensor errors. Since this undesired
coupling may change with time and temperature, these

- errors have limited the accuracy attainable from coriolis
force vibratory angular rate sensors.

Most coriolis force type angular rate sensors are mecha-

. nized in a tuning fork, or similar, arrangement, in which

pairs of inertial elements are driven in opposite time phase

© with respect to one another. This is to establish a high

mechanical “Q,” i.e., to minimize mechanical energy losses

~of the vibrating inertial elements through the supporting

base structure. This is critically important for tuning fork

- type angular rate sensors because any combination of these
energy losses and unwanted mechanical coupling between
the driven inertial elements and the detection elements.

B results in the detection of a nonexistent angular rate.

‘One form of tuning fork type angular rate sensor, for

 example, Weinberg, et al, U.S. Pat. No. 5,388,458, employs

a quartz resonant oscillator. This methodology forces the

~ excitation frequency to constantly be near the natural fre-
~quency of the driven tines of the tuning fork sensor. While
- -this objective 1s achieved, there result significant limitations.
- These include a need for amplitude control of the feedback
- oscillator as well as the utilization of only a single frequency

15

20

2

per axis. This significantly limits the ability to separate

angular rate from variations in sensor electrical and

mechanical parameters.

Stewart, et al, U.S. Pat. No. 5,065,627, discloses a.n :
inertial measurement unit with three axes of angular rate as
well as three axes of acceleration outputs. The methodology
described requires a multiplicity of mechanical parts, includ-
ing two sets of three separate pendulous accelerometers.

Each said set of accelerometers must be mounted on a =

separate driven oscillatory rotary element. These driven
mounting structures must include highly accurate angular
orientation provisions, and must provide for balancing with
extreme precision centrifugal forces acting upon the accel-
erometer pendulosities with respect to the two sets of

~ accelerometers. There are no pmvisiens here for self-cali-

bration.

Dunn, U.S. Pat. No. 5,359,893, employs anucromachmed
structure to implement a two axis vibratory rotation gyro. By
adding an additional identical gyro mounted orthogonal to
the first, three axes of output angular rate are obtained. No
provisions are made, however, for self-calibration. There is,

. thereiore, a need for a coriolis force vibratory gyro which
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maintains the inherent advantages of mechanical simplicity
and low cost, but which overcomes the errors due to
variations of the critical mechanical and electrical param-

eters with time and temperature. There is also a need foran.

intrinsically three axis single proof mass or inertia sensor
which continuously maintains mutual axis orthogonahty
self-calibration.

OBJECTS AND ADVANTAGES

Accordingly, several objects and advantages of this inven- _' |
tion include significant improvement in accuracy Over pre-

vious vibratory type angular rate sensors. This 1s accom-

plished by incorporation of means to continuously estlmate
substantially all critical mechanical and electrical param-
eters of a coriolis force type angular rate sensor. Three

mutually orthogonal axes of angular rate information froma '

single mechanical sensor unit are provided, and said mea-
sures of angular rate remain substantially independent of

variations in critical mechanical and electrical parameters. -

The mechanical sensor unit of this invention requires only
a single proof mass. The high mechanical “Q” requirement
of conventional vibrating angular rate sensors with its
implied requirement for a tuning fork type mechanical
configuration is minimized here. This is done by the con-
tinuous estimation process of said critical mechanical
parameters. In this way, although significant input-to-output
coupling may be present, the desired coriolis force effects
are separable from the mechanical damping and angular
cross coupling force effects. |

This invention utilizes one set of electromechamcal trans-
ducers per axis as both a means of excitation and a means of

detection of vibration of a proof mass this obviates the need

for separate excitation and detection transducers.

This invention requires only - conventional electrome-

chanical technology, such as the use of piezoelectric quartz

or piezoceramics transducer elements. These transducers are

mechanically connected to a single common proof mass.
element as well as to a common outer case along all three

axes. The digitally computed outputs include three mutually
orthogonal angular rates as well as' mechanical parameter =~

outputs of all direct axis and cross axis mechanical transla-

tional spring rates, all direct axis and cross axis mechanical
damping parameters, and all direct axis and cross axis -



~ from a consideration of the ensumg descrtptlon and accom-
. panyrng drawrngs | |

: coriolis force cot ponents and the three axis components of
proof mass velocrty and angular rate. |

-mrcroprocessor functions.
"FIG.1lisa computer program ﬂowchart for the angular

- 14 angular rate mrcroprocessor
16 outer case

18 proof mass
20 beam

3

- electromechanical coupli_ng coefficients, such as .p'ieaoelec-
tric coupling coefficients. The electrical parameters in this

context are the- electncal capac1ty and resistance values of

- piezoelectric beams.

~Another advantages of th1s invention 18 the mtegrated and__ |
| complementary use of mechanical sensor and microproces-

~ 20A beam
-20B beam

5,531,115

- 20C beam

sor technologies. This enables an accurate and continuous

modeling of a relatively simple electromechanical three axis
‘sensor, thus providing the needed calibration for greatly
improved accuracy over techniques used heretofore. This

calibration also mcorporates the automatic continuous main- =~
- '22F clamping block

'22G clamping block

tenance of sensor axis mutual orthogonalrty

10

In add1t10n tlus invention provides, as a direct output -

1mpend1ng Sensor rnalfunctron

- from this sensor parameter and coefficient evaluation pro-
~ cess, a continuous measure of the validity of the output data,
~ as any out of tolerance measurements 1nd1cate a nsk of an

15
- 22J clamping block

20D beam
- 20E beam .
22 clamping block
. 22A clamping block
- 22B clamping block

22C clamping block
22D clamping block
22E clamping block

22H clamping block

221 clamping block

22K clamping block N

Still further objects and advantages will become apparent -

BRIEF DESCRIPTION OF THE DRAWINGS

' FIG 1lisa block dragram of 2 self-cahbratmg three ax1s
- angular rate sensor. | .

20 26 :
- 26B electrode

25

- FIG. 2 is an isometric cutaway vlew of the mechamcal. |

o Sensor umt of thrs mventlon

FIG. 3 is an isometric cutaway dlametncally opposmg

view to that of FIG. 2 of the mecharucal Sensor un1t of thls'

1nvent1on

FIG. 4 s an exploded view of a srngle prezoelectnc beam -

along the Y-axis and its attachments to the proof mass and
the case. .

- FIG. 51is a fragmentary sectlon vlew showmg the elec-

FIG. 6 shows the relatlonshlp between the three axis

30

35
- trical connections to two of the prezoelecmc beams and their
-crystallographic axes orientations. |

22 multi-frequency smuso:tdal voltage source subsystem

26 electrode

26A electrode

26C electrode

26D electrode
26E electrode

- 26F electrode
-26G electrode

26H electrode
261 electrode
26] electrode

26K electrode -

28 wire lead

- 28A wire lead
- 28B wire lead

28C wire lead
28D wire lead

- 28E wire lead

28F wire lead

- 28G wire lead
ZSH vvlre lead

40

FIG. 7 is a schematic block diagram of the mechamcal |

coordinate system XYZ.

FIG. 9 is a matrix expressron of the three axis sprrng
forces acting upon the proof mass. - |

FIG. 10 is a top level block dlagra

of the angular r_ate

rate nncroproces SOI. -

REFERENCE NUMERALS:. '

| 10 three axis mechanical sensor unit
12 six-channel analog tO-dlgltﬂ.l voltage conversion sub-

system

~ sensor unit, the multi- frequency sinusoidal voltage source
subsystem and the six channel analog-to-digital voltage

- conversion subsystem mterface showing the electrical volt- |
- age connections. |

FIG. 8is a schematrc diagram. showmg the prezoelectnc o
electrical-to-mechanical interface. -

o " FIG. 8A shows the three axis geometncal relatlonshrp_ |
. between p1ezoelectnc generated forces and veloc1t1es and-

43

50

281 wire lead -

287 wire lead

28K wire lead
30 electrical feed through element -
- 30A electrical feed-through element
30B electrical feed-through element
- 30C electrical feed-through element
30D electrical feed-through element
- 30E electrical feed-through element

30F clectrical feed-through element
30G electrical feed-through element

- 30H clectrical feed-through element

65

- 301 electrical feed-through element
~ 30J electrical feed-through element
30K electrical feed—through elem_ent S

o SUMMARY |

A self-cahbratmg three axis angular rate sensor in which
a srngle proof mass 1s supported from an outer case by a set
of spring elements. These spring elements provide mechani-
cal support of the proof mass with substantrally equal

. mechanical translational spring rates in all directions. The
~ set of spring elements is electromechamcally driven at or

near the mechanical suspension system natural translational

frequency along all three axes by electrical excitation. This

excitation is made up of a multiplicity of additive ‘separate

- frequency sinusoidal signals with respect to time at substan-



' Clamping blocks 22, 22A, 22B, 22C, 22D, 22E, 22F, 22G,
oo 22H, 221, 22), and 22K together with their 1
- interfaces with outer case 16 and proof mass 18, comprise

5,531,115

~ tially constant driving frequencies. The resulting three axis

-~ proof mass motion results in coriolis forces upon the proof
 mass in resonse to three axis angular rate inputs. The

electrical voltages and currents are measured and computed

- at each frequency, and the resulting values used to compute
the three input angular rates as well as the critical electrical

parameters, mechanical parameters, and electromechanical

~ coupling coefficients. Said computed parameters and coef-
. ficients are compared with their nominal values in order to
-~ establish an overall data validity check.

Descmptmn

A sclf-calzbraung three axis angular rate sensor 1s made

- up of a three axis mechanical sensor unit 10, a six-channel
analog-to-digital voltage conversion subsystem 12, a multi-

__ -~ frequency sinusoidal voltage source subsystem 24, and an
o _angular rate microprocessor 14, as shown in FIG. 1.

SRR ~ FIGS. 2 and 3 show three axis mechanical sensor unit 10

- made up of an outer case 16, a proof mass 18, and six
.. compliant length extensional mode piezoelectric beams:
-+ beam 20, beam 20A, beam 20B, beam 20C, beam 20D, and

. beam 20E. Because of design symmetry of three axis

~ mechanical sensor unit 10, FIG. 3, which is a three axis

‘diametrically opposing view with respect to FIG. 2, is

identical to FIG. 2 except for identification of specific parts.
‘Said beams are arranged in three pairs of two substantially

e callmear beams, with said resulting collinear directions

B '.,substanually mutually orthogonal. Said beams comprise a
~ set of mechanical spring elements having substantially equal
- mechanical translational spring rates along all directions

connecting proof mass 18 to outer case 16.

P - controlled compression clampmg attachments for beam 20,

B RO '20A 20B, 20C, 20D, and 20E mechanical terminations, as
- showninFIGS. 2,3, and 4. The preferred embodiment of this
invention employs length extensional mode piezoelectric

 beams to make up said set of spring elements with electro-
- mechanical coupling means.

Piezoelectric beams 20, 20A, 20B, 20C, 20D, and 20E are

 each a piezoelectric material rectangular solid made up of

I __:'_:___elther crystalline alphaquartz or a piezoceramic material,

.. such as lead zirconate titanatc. Length extensional mode
- piezoelectric beams are fabricated by emplacement of elec-
- trode pairs across the narrowest dimension of said piezo-
- ¢lectric material rectangula_r solid, and by selection of piczo-

- electric axes orientation such that application of electrical

voltage to said electrodes results in a mechanical stress

substantially along the Iargest dimension, the length axis, of

o said rectangular solid. As shown in FIGS. 2 and 3, said
 length axis of each beam is substantially oriented along a
 separate axis of a mutually orthogonal three axis coordinate
. system XYZ fixed with respect to outer casc 16.

~ Piezoelectric beams 20, 20A, 20B, 20C, 20D, and 20E

- _have substantially identical physical dimensions, crystal axis
. orientations, as well as symmetrical installations. This
. results in substantially equal mechanical translational spring
- rates in all directions with respect to mounting of proof mass
18, and it also results in consequent substantially equal

- translational mode natural mechanical resonant frequencies

along X, Y, and Z axes. Translational mode natural mechani-

s ~ cal resonant frequency for any axis is calculated as

echanical
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1 | Kiq |
2N m '

where Y, is direct axis mechanical translational spring rate, o

and m is value of proof mass 18. Translational mode natural

mechanical resonant frequency is set to a value one or more =~
orders of magnitude greater than any external vibration

isolator roll-off frequency for anticipated input translational
vibration motion frequency spectra to three axis mechanical

sensor unit 10. Roll-off frequency in this context is defined

as that frequency above which the magnitude of vibration

experienced by three axis mechanical sensor unit 10 is

decreasing with respect to frequency at a rate of at least 12 - :

~decibels per octave. For expected values of said roll-off -

frequency of 100 Hz or less, a translational mode natural

mechanical resonant frequency is generally set a value
between 1000 Hz and 10,000 Hz. |

Because of expected variations of physical dlmensmns |
and mounting of beams 20, 20A, 20B, 20C, 20D, and 20E
due to reasonably set tolerances, actual translational mode
natural mechanical resonant frequencies along directions X,

Y, and Z may differ by small amounts, dependmg upon said

tolerances.
Length axes of beam pair 20-20A, baam pair 20B-—200 -
and beam pair 20D-20D are oriented substantially along X,

Y, and Z axis directions of three axis mechanical sensor unit

10, respectively, as shown in FIGS. 2 and 3. Because of
anticipated small errors in manufacture and assembly, length
axes of said beam pairs are generally not precisely ahgned |
with directions X, Y, and Z. Length axes of said beam pairs

also substantially intersect proof mass 18 center of mass.

Piczoelectric beams 20, 20A, 20B, 20C, 20D, and 20E are -

plated with two sided, symmetrical, metallic electrode pairs
26-26A, electrode pair 26B-26C, electrode pair 26D-26E,
electrode pair 26F-26G, clectrode pair 26H-261, and elec-
trode pair 26J-26K, respectively, as shown in FIGS. 2 and

3. This establishes a means for externally connecting elec-

trical voltages and currents to said electrode pairs.. Each of
said electrodes is made up, for example, of a thin layer o f
fired or vacuum deposited silver, gold, aluminum or elec-

troless nickel. Connected to electrodes 26, 26A, 26B, 26C, -
26D, 26E, 26F, 26G, 26H, 261, 26J], and 26K are wire leads -
- 28, 28A, 288, 28C, 28D 28E, ZSF 28G, 28H 28I, 28], and_'.

28K, respectively.
Wire leads 28, 28A, 28B, 28C, 28D, ZSE 28F, 28G, 28H,

281, 28], and 28K connect to electrical feed-through ele-
ments 30, 30A, 30B, 30C, 30D, 30E, 30F, 30G, 30H, 301,
30J and 30K, respectively, as shown in FIGS. 2 and 3. All

of said electrical fee:d-thmugh clements are mounted in outer

case 16. S
External terminals of electrical feed-through elements are o
connected in pairs to multi-frequency sinusoidal voltage
source subsystem 24 and six channel analog-to-digital volt-
age conversion subsystem 12 as shown in FIG. 7. Said pairs
are electrical feed-through elements 30A-30B, 30-30C,

JO0E-30F, 30D-30G, 301-30J and 30H-30K, as shown.

FIG. 5 shows orientation of crystallographic axes for

X-axis beam pair 20-20A and electrical parallel connection

of electrodes 26, 26A, 26B, and 26C. Y and Z axis corre-
sponding clements are similarly interrelated. While other
combinations of crystallographic axes orientations and elec-

trical connections are possible, in the preferred embodiment

of this invention a configuration shown in FIG. 5 has been
selected. Any other similar combination may also be

employed provided that crystallographic axes orientation of
beam 20A is substantially identical to that of beam 20 and

upper electrode of beam 20 is connected to lower electrode S
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~ of beam 20A and vice versa. Piezoelectrically induced
“length and shear motions of beams 20 and 20A, in this

- arrangement, result in only a net translational force upon
~ proof mass 18 and substantrally no torques upon said. Pmof

'. -mass.

- One lead from each of said palrs 30A-30B, 30E-—30F and
30I-301] is connected to one of a set of known value scaling

resistors RS1, RS2, and RS3, respectively, as shown in FIG. -

- 7. Said resistors are connected to separate multi-frequency
~ sinusoidal voltage sources 1, 2, and 3, respectively, of

multifrequency sinusoidal vcltage source subsystem 24,

- shown.

- Each srde of scaltng resistors RSl RSZ and RSS is

10

- - Tesonant frequency
~ Remaining leads from each said pair of external terminals of =~ |

~electrical feed-through elements 30-30C, 30D-30G, and
‘30H-30K are connected to a common electrical ground as

15

- sensor is carried out by:

~ connected to separate voltage analog-to-digital cenverter-__l: |

channels. This results in six channels of analog-to-digital
~voltage conversion. Use of these electrical connections
20

' results in a direct measure of electrtcal veltage across each

o - ‘pair of prezeelectnc terminals. Also obtained is an indirect
- measure ef electncal current ﬂewrng throu gh said patrs cf 3

- each said series connected known value, scalmg resistor.
Electrical drive voltages are each made up of a multrphc—- |

;ity of additive separate frequency sinusoidal signals with -

: respect to time. These electrical drive voltages are applied to

~ external terminals of electrical feed-through element pairs

- 30A-30B, 30E-30F, and 301-30J. While other choices of -
| | -dnvmg frequency sets can be used in the preferred embodi-
~ ‘ment of this invention each muln-frequency sinusoidal volt-- -

30

“age source outputs three separate and unique, substantially

- Mechanical motion responses ef .pmof mass 18 wrth_

____'respect to driving voltage frequency near said resonant =
- selected crystal axis orientations experience a length expan-

“sion along an axis. orthogonal to direction of electric field.

- frequency are, as desired, particularly sensitive to electrical

- constant frequency, substantially constant amplitude, and

~ substantially sinusoidal waveform vultage signals. Two of =~

. said separate frequencies for each axis are set to be near said -

" translational mode natural mechanical resonant frequency .

. nominal value. A third frequency for each axis is set at a

" factor of approxrmately 1.9 times said translational mode -

- natural mechanical resonant frequency nominal value Thls' |
~ factor value of 1.9 is not critical. | L

35
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- and mechanical parameters to be measured. Setting said

- third frequency at said factor of 1.9 is to obtain an observ-

S ~ - able and accurate measure of electncal capacity parameters
o of said beams 20, 20A, 20B, 20C, 20D, and 20E.

Six total frequencies which are near said translatlenal

- applied positive voltage field along crystal xc-axis direction
~ results in a contraction along crystal yc-axis shown in FIG.

- 5A negative applied voltage along this same crystal x-axis

" mode natural mechanical resonant frequency are separated N

~ from each other by approximately one percent of said
- translational mode mechanical sensor natural mechanical
 resonant frequency nominal value. The optimum selected .

~ value fer said separation is proportional to ratio of nominal

50 -
L feed-thrcugh elements 30A and 30B wrth respect to electri-

cal feed through elements 30 -and 30C results in a length
o ccntractmn of beam 20Aand a length expansion of beam 20.

direct axis mechanical damping parameter of beams 20, These changes in length of beams 20A and 20 result in a

20A, 20B, 20C, 20D, and 20E to nominal value of proof 55

- direction of coordinate system XYZ shown in FIGS. 2, 3,

~mass 18. Said six frequencies mean value is set at said -

~translational mode natural mechanical resonant frequency

‘nominal value. Accordingly, nine separate drwmg frequen-
- .cles are synthesized and set from angular rate microproces-

sor 14 by a crystal oscillator timing reference shown in FIG.

60
- 10. Said crystal oscillator timing reference prevrdes time

synchronization for said nine separate driving frequencres o

65

' -"_'_system 12 prevrdes as shown in FIG. 10, separate trme .

| perredrc data sar
‘multi-frequency sinusoidal voltage source subsystem 24 and

- of beam p1ezeelectnc voltages at electrical feed-through
 element pairs 30A-30B, 30E-30F, and 301-30J, shown as

- E1, E2, and E3, respectively, in FIG. 8. All six input voltage
- signals are converted srmultanecusly and periodically at a
- sampling rate which is preferably at least 400 times greater
- than angular rate rmcroprecesscr 14 overall computation

- paragraphs

ple measurements ef vultage outputs of

output rate. Said sampling rate is also preferably at least five
times greater than translattcnal mode natural mecharucal

Operatten—General

Operatmn of a self—calrbratmg three axts angular rate

(1) Prezeelectncally dnvmg prcef mass. 18 ef mechamcal
-sensor unit 10 with known frequency s1nuserdal volt-
ages as shown in FIG. 7. B |

: f(2) Utllrzmg a set of equatmns whrch deﬁne relatrensh1p
~ of proof mass motion to measured piezolectric beam
vcltages El, E2, E3 and currents Iml ImZ Im3 shown
in FIG. 8. .

. (3) Frtttng satd plezeelectrrc beam veltage measurements

~ to a set of sinusoidal time functions using angular rate

- Inicroprocessor 14 as shown in FIGS. 10 and 11, and,
by use of said ﬁtted sinusoidal functtens |

| (4) Computlng 1nput angular rate about three axes of

-coordinate system XYZ shown in FIGS. 2 and 3, as
- shown in FIGS. 10 and 11 by use of said measurement
- set of srnusotdal functtuns o

(5) Cemputmg specrﬁc electmcal and mechamcal param-

- eters and coefficients of three axis mechanrcal sensor
" unit 10, as shown in FIGS. 10 and 11 by use of said
* measurement set of smusetdal functions.

~ This operanon 1s descrrbed in detall in the fellewmg

. Operaticn—'-P.iez'eeleCtric'Dﬁye ef 'Preuf Mass

Rectangular solid plezoeleetnc matenals with specifically

For example, for an x-cut crystalline alpba-quartz bar, an

results in an expansron along crystal yc axrs In thrs way, as

“push-pull” force upon proof mass 18 in the negative X

“and 5. Similar relatronshlps between applied voltages and
! resulttng forces upon proof mass 18 exist for Y-axis and
- Z-axis of said XYZ coordinate system. It must be noted here

that crystal xc-axis and crystal yc-axis are not necessatily
related to X-axis and Y-axrs respectrvely, uf sard XYZ

~ coordinate system

~ Inaddition, said crystal oscillator timing reference provides =
~ time synchronization for samplmg rate of six channel ana-.
" ,log-to digital voltage conversion subsystem 12.
Six channel ana]eg-to-—dlgnal voltage conversion sub-

- Accordingly, as shcwn in FIG 7 an appllcatlcn of

electrical voltages with respect to ground at electrical feed-
through element pairs 30A-30B, 30E-30F, and 30I-30J
‘results in f_er_ces upon proof mass 18 in directions X, Y, and
' Z, respectively of said XYZ coordinate system, the direction
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of said forces depending upon polarity of said applied

o __.eleetneal voltages.

‘Therefore, application of sinusoidal voltages from multi-

SR | frequency sinusoidal voltage source subsystem 24 to elec-
... trical feed-through element pairs 30A-30B, 30E-30F, and |
301-30J shown in FIGS. 7 and 8 results in piezoelectrically

- generated sinusoidal forces along all three axes of proof

o - mass 18. These forces result in sinusoidal transiational

motions and velocities of pmef mass 18. Said transiational

~ velocities of proof mass 18, in combination with input

 angular rates about XYZ coordinate system shown in FIG.
.6, result in generation of coriolis forces acting upon proof

mass 18. FIG. 6 illustrates said coriolis force generation for

S R ) angular rates (j)x, (DF, and mz abgut X, Y and Z Of Sﬁld XYZ

" coordinate system in combination with velocities VX, VY,

- and VZ of proof mass 18 with respect to outer case 16 along
oo sad X, Y, and Z axis directions. Generated coriolis forces
- are anegative vector cross product of a vector input angular

. rate to three axis mechanical sensor unit 10 and vector

‘velocity of proof mass 18 with respect to outer case 16
- multiplied by twice the effective mass of proof mass 18. For

said assumed angular rates and said velocities the coriolis

- forces generated upon proof mass 18 are, as shown in FIG.
-6 |

. ;X.'a_xis ' eempenent of eqrielis force,
' CF, ==2m ' (@, V,~aV,),

| Y- axis. cempenenf of coriolis force,
 CFy=-2m (@, V; ~0,V, ),

 and

- Z-axis component of coriolis force,
CF, =-2m (@Yo, V).

It 1s seen that each said coriolis force component is a

function of two separate products of said angular rate and
- said velocity components.

-Multi-frequency sinusoidal voltage source subsystem 24

o .ef FIG. 1 supplies dnvmg voltages for each axis, as shown
-~ m FIG. 7, applying corresponding driving forces along
. length axes of each beam of three axis mechanical sensor

unit 10. FIG. 8 shows electrical voltage and current interface

 toall twelve electrical feed-through element pairs 30A-30B,

~ 30-30C, 30E-30F, 30D-30G, 301-30J, and 30H-30K.

Also with reference to FIG. 8, piezoelectric coupling of

o extemally connected electrical voltages and currents to three

- axis mechanical sensor unit 10 mechanical parameters takes

~ place analytically by means of a three axis electromechani-
~ cal piezoelectric transformer matrix. Said matrix takes into
. account angular misalignments between coordinate system
- XYZ and length axis orientation of beams 20, 20A, 20B,
- 20D, 20D, and 20E, as shown in FIGS. 2 and 3, as well as

~inherent direct axis and cross axis coefficients of piezoelec-
. ric coupling. Because said angular misalignments and said

piezoelectric coupling coefficients are not immediately

- {28) and associated discussion of said equations.

- Said piezoelectric coupling coefficients relate input vector

- voltage to output vector force and identical said piezoelec-

~ tric coupling coefficients relate output mass vector velocity

to input vector electrical current. For this reason each

~ collinear beam pair 20-20A, 20B~20C, and 20D-20E can be
~ considered as an equivalent single piezoelectric beam

10

15

20

25

30

33

40
- X, Y, and Z axes, respectively are expressed mathematically

45

50

55

- known and vary with time, they are, as an important part of
- the operation of this invention, automatically and continu-
-ously computed, as shown below by Equations (1) through

60

65

10

because of a parallel electrical connection of each said palr

of beam electrodes as exemplified by FIG. 5. Said parallel = - o

electrical connection sums electrical current for each said

beam pair for a common vector velocity of proof mass 18,
and sums forces upon said proof mass 18 for a common

driving voltage.

Operatlen——Equatlons Descrlptlen

FIG. 8A shows V1, V2, and V3 translational velocity

- vector components of proof mass 18 with respect to outer
case 16 corresponding to piezoelectrical currents 11, 12, and =~

13, respectively, shown in FIG. 8; FIG. 8A also shows -

piezoelectrically generated F1, F2, and F3 force vector -
components corresponding to voltages El, E2, and E3
shown in FIG. 8. Because these are piezoelectrically related =
electrical voltages, electrical currents, forces and velocities, -

the vector combinations V1-F 1, V2-F2, and V3-F3 are -

collinear, as shown in FIG. 8A. These reletlonshlps

expressed mathematically, are as follows;

F1=N1*El;
F2 = N2 * E2;
F3 =N3* E3;
Il = N1 #'V1;
2 = N2 *V32;
I3 = N3 *'V3,

(1)
@
(3)
(4)
(5)

Where N1, N2, and N3 are piezoelectric coupling coeffi-

cients for collinear beam pairs 20-20A, 20B-20C, and

20D-20E, respectively.

Velocities V1, V2, and V3 are related to VX, VY, and. VZ
corresponding velocity components along X, Y, and Z axes, -
respectively by sets of direction cosines all, al2, al3, etc.
as follows: |

Vi=al1*VX+al2*VY+al3*VZ - (7)

V2=a21* VX225 VY+ad3*VZ ®
V3=a31*VX-+a32* VY+a33*VZ 9)

Similarly, force vector components FX, FY, and FZ along

as:
FX=a11*F1+421*F2+a31*F3 (10)
FY=a12*F1+a22*F2+a32*F3 (1)
FZ=a13*F1+a23*F2a33*F3

(12)

Substituting Equations (1) through (6)into Equetiens (7). -

through (10) result in matrix equations as follows:

a3)

o
_NI all al2 al3 VX
%' =} a2l a22 a23 VY
n a3l a32 a33 VZ
N3 B
FX all a2l a31 || Ni*El (14)
FY |=| al2 a22 a32 || N2*E2 |
FZ al3 a23 a33 N3 * E3
Equations (13) and (14) can be expressed as:
L=aV Q5
F=aP
Where

6

(16)
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. ~continued
Niln |
N
2

fm=e
N2*E2 |
N3*E3 |
a1l a12 a13
| e21._a22 al3
- .,:13-1. a3 a33

a7 is the matrix transpose of a.. L
Makmg use of classical dynarrnes for suspended proof

mass 18 and known form of piezoelectric coupling coeffi-

“cients results in two steady- state frequency response matnx
| equaﬁons as follows o

F_aTP_KU+;hDU—h2m(W-U) W2U) jhmj(ZWXU) o

S 1rghaLLJ;MeEIF1hEIT ;

_- p::'(ls)_'

25
ey

5

: (17)..ﬂ |

12
K11 K12 K13 (26)
K12 K22 - K23
K13 K23 K33

ke

' represents relationship between rneehameal sprrng forees on

 proof mass 18 and a general three axis vector displacement

20

* Where h is frequency of operauon in Hz multlplled by 2, .

- mis known value of proof mass 18 _]=\/_1

represents measured electrical currents Iml Irn2 and Im3

| eoeﬁerents Nl N2 and N3

of said proof mass 18 with respect to XYZ coordinate

- system shown in FIG. 2. K11, K22, and K33 are direct axis

~ mechanical spring rate parameters along said X, Y, and Z
10

axes, respectively; cross axis mechanical spring rate param-

‘eters K12, K13, and K23 take into account both misalign-
‘ment angles of beams 20, 20A, 20B, 20C, 20D and 20E and

'general anisotropic spring rates of plezoelectnc materials,

o 3

| __35 |

symmetncal D matnx

~ [pu p2 131_3 27)
~ D=| D12 D2 D23
D13 D23’ D33

" relates mechanical F'darnp'ing forces on proof mass 18 to

- said X, Y, and Z axis veloeity'components D11, D22,

“and D33 are direct axis mechanical darnprng param-

~eters; D12, D13, and D23 are cross axis mechanical
- damping parameters |

a set of three 1nput angular rates to be measured about said
- X, Y, and Z axes is denoted by Vector

(28)

. where 0, m and ©, are 1nput angular rates about said

- X-axis, sa1d Y--axrs and said Z-axis, respectively.
Equatron (20). states that plezoeleetncally coupled vector
force Fis equal to summed spring force vector KU, damping
force vector JhDU aecelerauon of proof mass 18 force

. _vector —h*mU, proof mass 18 centrifugal force vector

o @

o trifugal force acting upon proof mass 18, and term jhm(2Wx
- U) represents coriolis force acting upon proof mass 18. In

shown in FIG. 8 divided by thelr reSpeetwe p1ezoelectr1e - —m(W(W+U)-W*U), and proof mass 18 coriolis force vec-

~ tor Jhm(ZWxU) Scalar term Win Equauon (20) represents

magnitude of total vector- 1nput angular rate.

- Term m(W(W -U)—-WZU) in Equation 20 represents cen-

- these terms denotes vector dot product and x denotes vector

45

. represents re'oiprooals of products of "piezo.eleotrie leakazge. -
resistances R1, R2, and R3 shown in FIG. 8 and their

.respeetwe plezoeleetnc coeﬁcrents N1, N2, and N3,

55

'represents eleetneal capacities Cl, C?. and C3 shown in o

- FIG. 8 divided by reSpectlve p1ezoelectnc eoeﬁcrents Nl

© N2,and N3,

- x| S | "(25):_
- U=|vY "
| Z

60

cross product. Because, in the preferred embodiment of this

invention, coriolis force is many orders of magnitude greater

“than eentnfugal force, centrifugal force can generally be

safely neglecung in modelrng this process. FIG. 8 illustrates

- force sumrnatlon of Equatlon (20) w1th eentnfugal force
ey neglected -
e 0

- Equation (21) states that prezoeleetnoally coupled elec-

| "tneal current related vector 1, is equal to summed measured

current related vector L,,, current related vector of piezo-

~ electric eleetncal leakage resistances ~EG, and current

* related vector of piezoelectric eleetneal capacrues —hEC, as

repreSents displacement of proo'f maSS 18 u'ﬁere X, Y, and o

' Z are displacement motions of proof mass 18 with respect to

- 65
- outer case 16 along these said respective axes, as shown in
o .FIGS 2 aud 3 symmetneal K rnatnx o |

shown in FIG. 8. |
‘Direction cosine a rnatrrx precrsely deﬁnes XYZ coordi-
nate system orientation shown in FIGS. 2 and 3. Three

 clements, a21, a31, and a32, of matrix a are defined 0 be
-zero, spemﬁeally requmng : |

(l) Said X-axis onentatron deﬁned as- drrectron along
~which only voltage E1resultsina prezoeleetnc force.
~This is also direction. perpendicular to the plane con-
‘taining E2 and E3 induced prezoelectne force vectors.

(2) Said Y-axrs onentatron deﬁned as d1rect10n in which
“only voltages E 1 and E2 result in a force along said
- Y-axis. This is. also dlrecuon in. said plane containing
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E2 and E3 induced piezoelectric force vectors, which

~ direction 18 pErpendicular to E3 induced piezoelectric
force vector.

(3) Said Z-axis orientation defined as perpendicular to
- both said X-axis and said Y-axis, forming mutually 5
“orthogonal axes.
~ Because there are only two independent direction cosine

~ elements per row, and there are three rows in direction
. cosine matrix a there are, in general, a total of six indepen-

~ dent direction cosine elements. Since three said elements are ;4
- set to zero by conditions (1) through (3), above, there remain
. only a total of three unknown direction cosine elements.

‘While in the preferred embodiment of this invention

-~ piezoelectric coupling is used, in general, electromechanical

. coupling coefficients for any selected form of electrome-
- chanical coupling have directly related matrix structures.
- Anexample of expansion of one matrix term of Equation
. (20), KU, from matrix to complex form is shown in FIG. 9.

K matrix direct axis and cross axis spring rate parameters are

15

shuwn m FIG. 9 AISO ShDWH are X Y and Z axis force

e components on proof mass 18 resulting from all spring rate °
parameters and displacements X, Y, and Z of proof mass 18.

20

Since said proof mass 18 displacements in general have both

~ cosine and sine time function components, and because
T T -_Equatmns (20) thmugh_(28) are defined to represent steady-
. state frequency domain sinusoidal quantities, FIG. 9 expres-

25

o sions for force components contain both real and imaginary

- terms, representing said cosine and sine terms, respectively.
- __Expanswns of remaming terms are carried out using iden-
- tical methodology.

‘For each of nine separate driving frequencies generated 30

o by multi-frequency sinusoidal voltage source 24 shown in

~ FIG.7, six equations defining input voltages E1, E2, and E3

o relationship to corresponding six input currents Im1, Im2,
| and- Im3, as shown in FIG. 7, are derived as follows:

(1) Matrix equatmn (20), above, is expanded into three
complex equations, as exemplified by the expansion of
KU shown 1n FIG. 9. Each of these complex equations
is then written as two scalar equations, representing

. real and 'imaginary parts of said complex equations,
resulting in a total of six scalar equations for each
separate frequency.

(2) Matrix equation (21), abave is hikewise axpanded into
- three complex equations, which are then solved for X,
Y, and Z. These complex expressions for X, Y, and Z 45
~are then separated into real and imaginary paﬂs of X,
Y, and Z. Said real and imaginary parts are expressed
as functions of angular rate inputs, electrical and
mechanical parameters, piezoelectric coupling coeffi-
cients, and measured voltages as defined by Equations 5,
(22) through (28). For each separate frequency, cosine
magnifudes of said measured voltages are directly
equivalent to real parts of said measured voltages.
- Negative sine magnitudes of said measured voltages
are directly eqmvalent to imaginary parts of said mea- 55
‘sured voltages.

(3) Said expressions for real and imaginary parts of X, Y,
and Z are then substituted into said six equatwns
- defined in paragraph (1), above. This results in six
- scalar equations that include only variables in said 60
- angular rate inputs, electrical and mechanical param-
eters, direction cosines, piezoelectric coupling coeffi-
cients, and measured voitages.
Smcc there are nine separate frequenmes and six equa-
tluns per frequency, as described in paragraph (3), above, 65

40

‘there results a total of nine times six or 54 scalar equations.
Said 54 equations are used to solve for 3 angular rates as

14

defined by Equation (28), 6 electrical parameters as defined

by Equations (23) and (24), 6 mechanical compliance -

parameters as represented by Equation (26), mechanical
damping parameters as defined by Equation (27), 3 direction
cosines as defined by Equation (19) and 3 piezoelectric

coupling coefficients as defined by Equatmns (1) through

(6), a total of 27 outputs.

Operation—Voltage Measurement Fitting and '
Angular Rate and Parameter Computation

As shown in FIG. 10, angular rate microprocessor 14
accepts all six outputs of six-channel analog-to-digital volt-

age conversion subsystem 12. Angular rate microprocessor

14 also provides temporary storage for these outputs over
said overall computation output rate period as shown in FIG. -

11. While this output rate period can be set to different '

constant values, in the preferred embodiment of this inven-
tion said period is set to a constant value of approximately
0.01 seconds. Angular rate microprocessor 14, as shown in
FIG. 11 flowchart, uses each constant computation time
block of analog-to-digital voltage conversion samples as
input data for a linear least squares fit to a known set of nine
driving frequencies. This least squares fit is performed
separately and 1ndependent1y for each six analog-to-digital

- voltage conversion system output. This computation process
~ results 1n a total of six channels times nine frequencies times =~

two outputs per frequency (sine and cosine components), or
108 computed sine and cosine magnitudes. -

These magnitudes are then used as inputs for computing
needed said 27 output estimates using said 54 scalar equa-
tions generated. Although a number of algorithm choices
exist for prowdmg said 27 output estimates, including a

- Kalman filter, in the preferred embomment of the invention
35

this solution is carried out using a linear least squares fit
computational process, based upon a linear expansion of
said 54 scalar equations with respect to an assumed refer— |
ence point. |

As shown in FIG. 11, not only are X, Y, and Z angular-
rates computed for each output rate period, but 24 physical
parameters and coeflicients are compared with their known |

nominal values. If, for any reason, one or more of these

parameters or coefficients falls outside of a specified toler- =
ance range, then proper operation of three axis mechanical
sensor unit 10 is suspect, and a “bad data” discrete is output
as a warning. | R
Because of significant separation of translational mode
natural mechanical resonant frequency from said roll-off
frequency of anticipated input vibration motion frequency

spectrum, and because of extremely narrow frequency bands =~
used by measurement means described above errors in

output data caused by externally induced vibration forces |
acting upon proof mass 18 are minimized. |

Conclusions, Ramifications, and Scope

It can be seen that, according to the invention, a d1g1ta1'

- output three axis angular rate sensor is provided, the accu-

racy of which is substantially independent of variations of
mechanical sensor critical electrical and mechanical param-
eters and electromechanical coefficients. These variations

have, until now, limited the performance of vibratory angu-

lar rate sensors. Satisfactory comparisons of compuied out-
puts of said electrical and mechanical parameters and elec-
tromechanical coefficients with their normally expected
values enable a verification of the validity of the basic

angular rate output data. The invention makes use of avail- '



- able. 31¢thﬁﬂici-fﬁ.0hndl'0gy._to clectl‘ically excite a'_single”:
- proof mass into motion along three axes in order to induce

~coriolis forces in response to input angular rates. This -

electrical excitation is made up a multiplicity of sinusoidal -

. signals with respect to time. Provided are the necessary

 means for voltage measurements and real time computation =~

. of the three axis 1nput angular rates, using a microprocessor.
- Also provided are means for computation of said. parameter e

- and coefficient variations. Data extraction accuracies are

10

. attamed wlnch ‘heretofore have not heen obtarnable wrth

o conventlonal rnethodologles

5

Although the descrrpnon above contarns many spec1ﬁc1- -

. ties, these should not be construed as limiting the scope of -
~the invention, but as merely providing illustrations of some~
~of the presently preferred embodiments of this invention.
- Various other embodiments and ramifications are possible
~ within its scope. For exarnple the use of electrostatlc or
B __"electrornagnetrc electromechanical coupling in three axis =~
~ mechanical sensor unit 10 in place of the piezoelectric =~
~ coupling descrrbecl as the preferred embodiment makes

~ possible the same basic functions and outputs of three axis

“-mechanical sensor unit 10, six-channel analog-to-drgltal
voltage conversion subsystem 12, and angular rate micro-
_ processor 14, and Inultr frequency srnusoldal voltage source, |
- subsystern 24. | | | SR | -
 Thus the scope of the invention should be deternnned by
- the appended claims and therr legal equwalents rather than o

by the examples given.
 What is claimed is: S :
| 1 A three axis angular rate sensor cornpnslng

-a proof mass,
. an outer case,

a set of rnechanrcal spring elements connecting said proof o
‘mass to said outer case and havmg substantially equal
rnechamcal translatronal sprrng rates- along all dlrec-' L

UOHS

electromechanrcal couplrng means for relatlng extemally' :

- connected electrical voltages an_d electrical currents t0 - gaid measurement means cornpnses a multr channel analog-

_;_ .-to-drgltal voltage converter.

forces upon said set of mechanical spring elements and

to translational velocities of said proof mass with

~respect to a three axis coordrnate system- ﬁxed in said .:_computatlon. means comprises a digital processor pro-

o grammed to compute a best fit of measured said electrical
R voltages and currents to expected mathematical functions of

Olltﬁl’ Casc,

electrical excitation means for applyrng said electrical
- voltages and said electrical currents as a multiplicity of -

20 0
25

35

40

45

- additive separate frequency sinusoidal signals with

~ respect to time to generate translational velocities of

said proof mass along each axis of said coordinate

- system, and to generate consequent coriolis forces upon'

o ~ said proof mass in response to input angular rates,

of ti
“eters, said direct axis and cross axis mechanrcal spring rate
_' parameters said direct axis and cross axis mechanical damp-

- mechanlcal damprng computanonal means for determi-

“ nation from said measurement means direct axis and
" cross axis mechanical damping parameters of said set
- of mechanical spring elements, |

electromechamcal coupling cornputauonal means for

~ determination from said measurement means direct
‘axis and cross axis electromechanical couplmg coefii-
“clents of said electrornechamcal couphng means,

angular rate cornputat:tonal means of said outer case with
 respect to said three axis coordinate system from said
~ measurement means so that said angular rate compu-
-~ tational means are self-cahbratrng and self-aligning to
~ mutually orthogonal axes, -are substantially -indepen-
~ dent of variations of said electrical _parameters, are
- substantially independent of variations of said direct
-axis and cross axis mechanical spring rate parameters,
- are substantla]ly 1ndependent of variations of said
-;dJrect axis and cross axis mechanical dampmg parani-
~ eters,-and are substantlally 1ndependent of variations of
said direct axis and cross axis electromechamcal cou-
- pling coefficients,

data validity computatronal means for deternunrng valid- |
1ty of computed. said angular rate computational means
based upon computed said electncal parameters, Com-
- puted said direct axis and cross axis mechanical spring
~ rate parameters, computed said direct axis and cross
- axis mechanical damping parameters, and computed
~ said direct axis and cross axis electromechanical cou-
plrng coefficients all remalnrng wrthrn estabhshed lim-

| -11;5 | o | X
2. The three axis angular rate sensor of clann 1 wherein

o sa:t_d set of mechanical spring elements comprises a set of
| beams each said beam shaped as a rectangular solid.

-3, The three axis- angular rate sensor-of claim 2 wherein
sard set of mechanical spring elements is made up of three
pairs of- sa1d beams whose length axes are oriented along

| prrncrpal axes of said three axis coordinate system:.

4. The three axis angular rate sensor of claim 1 wherein

S. The three axis angular rate sensor of clann 1 wherein

time, and, based upon said expected mathematical functions
e, to compute said angular rate, said electrical param-

~ ing parameters, said direct axis and cross axis coupling

N frequency settlng means for ﬁxmg each of said frequency | '; |
~ sinusoidal signals within a frequency band generally
~ near a translational mode natural mechanical resonant

- frequency as determined by a combination of said proof
mass and said equal mechanical translational sprmg

rates of said set of mechanical spring elements

measurement means for obta1n1ng time penodlc data
- samples of said electrical voltages and said electncal o

- currents of sard electromechanical couplmg means,
electrlcal parameter computatlonal means for: determma-

60

tion from said measurement means. electrical pararn-ﬁ-

- eters of said electromechanical coupling means, -
| _mechamcal spring rate cornputatlonal means for deterrm

nation from said measurement means dlrect axis. and |

Cross axis rnechamcal spring rate pararneters of sa1d set

of mechamcal spnng elernents

55

coeﬁclents of said electromechanical couphng means, time
-synchronization means for said frequency setting means,

and time synchronrzatron means for sa1d rneasurernent'
means data sanmhng | S

~.76. A three axis angular rate sensor cornpnsmg

. a proof mass,
- an outer case |
- asetof rnechamcal spnng elernents connect1ng said proof

- mass to said outer case and havrng substantially equal
o rnechamcal translatlonal spnng rates along -all direc-
‘tions,

'prezoelectnc couphng means for relatrng externally con-
 nected electrical voltages and electrical currents to
- forces upon said set of mechanical spring elements and
to translational - velocities of said proof mass with
R 'respect o a three axis coordrnate systern fixed in said

o outer case,



“mechanical damping computational means for determi-
- nation from said measurement means direct axis and

5,531,115
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~electrical excitation means for applying said elecirical

voltages and said electrical currents as a multiplicity of
~ additive separate frequency sinusoidal signals with
respect to time to generate translational velocities of
said proof mass along each axis of said coordinate
system, and to generate consequent conolis forces upon
said proof mass in response {o input angular rates,

frequency setting means for fixing each of said frequency

sinusoidal signals within a frequency band generally
‘near a translational mode natural mechanical resonant
frequency as determined by a combination of said proof
mass and said equal mechanical translational spring
rates of said set of mechanical spring elements,

 measurement means for obtaining time periodic data

‘samples of said electrical voltages and said electrical
currents of said piezoelectric coupling means,

electrical parameter computational means for determina-

tion from said measurement means electrical param-
eters of said piezoelectric coupling means,

- mechanical translational spring rate computational means

for determination from said measurement means direct
- axis and cross axis mechanical spring rate parameters
- of said set of mechanical spring elements,

cross axis mechanical damping parameters of sa1d set
of mechanical spring elements,

piezoelectric coupling computational means for determi-

‘nation from said measurement means direct axis and
cross axis piezoelectric coupling coefficients of said
piezoelectric coupling means, and

- angular rate computational means of said outer case with

- respect to said three axis coordinate system from said
measurement means so that said angular rate compu-
- tational means are self-calibrating and self-aligning to
mutually orthogonal axes, are substantiaily indepen-
- dent of variations of said electrical parameters, are
substantially independent of variations of said direct
axis and cross axis mechanical spring rate parameters,
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arc substantially independent of variations of said
- direct axis and cross axis mechanical damping param-
eters, and are substantially independent of variations of

said direct axis and cross axis piezoelectric coupling

coefficients,

data validity computational means for determining valid-

ity of computed said angular rate computational means
based upon computed said electrical parameters, com-
puted said mechanical direct axis and cross axis trans- -
lational spring rate parameters, computed said
mechanical direct axis and cross axis damping param-
eters, and computed said direct axis and cross axis
piezoelectric coupling coefficients all remaining within
established limits. ' '

7. The three axis angular rate sensor of claim 6 wherein

said set of mechanical spring elements in combination with
said piezoelectric coupling means comprises a set of length -
extensional mode piezoeleciric beams, each said beam -
shaped as a rectangular solid.

8. The three axis angular rate sensor of claim 7 wherein
said set of mechanical spring elements 1s made up of three
pairs of said beams whose length axes are oriented along
principal axes of said three axis coordinate system. |

9. The three axis angular rate sensor of claim 6 wherein
said measurement means comprises a multi-channel analog-
to-digital voltage converter.

10. The three axis angular rate sensor of claim 6 wherein o

computation means comprises a digital processor pro-
grammed to compute a best fit of measured said electrical
voltages and currents to expected mathematical functions of -
time, and, based upon said expected mathematical functions

of time, to compute said angular rate, said electrical param- . -
eters, said mechanical direct axis and cross axis translational

spring rate parameters, said mechanical direct axis and cross
axis damping parameters, said direct axis and cross axis
coupling coefficients of said piezoelectric coupling means,
time synchronization means for said frequency setting
means, and for said measurement means data sampling.

% % ok kK
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